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Vertebrate kidney development involves a series of complex interactions between the ureteric bud and undifferentiated
mesenchyme resulting in the production of the nephron unit. These interactions are thought to be dependent on a variety
of locally derived soluble factors, including peptide growth factors and their receptors. We have extensively analyzed the
neurotrophins (NT) and their receptors during human kidney development. The neurotrophin receptors p75 and trk were
both present within cells of early glomerular/tubular structures but absent from uninduced mesenchyme. Later in organo-
genesis, the NTs NT-3 and BDNF colocalized with their respective receptors in differentiated tubules. These ®ndings
suggested that the NT:receptor complex was not involved in the early inductive events of renal development but was
responsible for postinductive tubulogenesis and epithelial integrity. In situ hybridization con®rmed selective localization
for the expression of trk B and trk C receptors and Western blot identi®ed a full-length (kinase-active) trk receptor during
human kidney development. q 1996 Academic Press, Inc.
INTRODUCTION within the developing glomerulus at the comma-shaped
stage (Hammerman et al., 1993, 1992). Although the factors
The vertebrate kidney develops from a series of interac- which regulate metanephric growth and differentiation are
tions between metanephric mesodermal progenitor cells largely unknown, recent data suggest that polypeptide
and outgrowths of the distal portion of the ureteric bud growth factors play a signi®cant role in renal organogenesis
through genetically regulated processes of induction, com- (Hammerman et al., 1993).
mitment, migration, proliferation, and differentiation The agents that control and regulate either the inductive
(Grobstein et al., 1955; Saxen et al., 1968; Ekblom and Thes- or the postinductive growth and differentiative mechanisms
leff, 1985). The summation of these interactions is the de- of the metanephros have been incompletely characterized.
velopment of an elaborate collecting system from the ure- A select group of growth factors and their receptors, includ-
teric bud, and the formation of the nephron unit, composed ing members of the epidermal growth factor family (EGF)
of the renal corpuscle and the proximal and distal tubules (Fisher et al., 1989; Hamm et al., 1993), the insulin-like
(Avner et al., 1985, 1988). One of the most important and growth factors I and II (IGF I/II) (Kreig et al., 1995; O'Sheah
unique steps in urogenital development is the direct conver- et al., 1993; Baker et al., 1993; Rogers et al., 1991; DeChiara
sion of the mesenchymal blastemal cells to an epithelial et al., 1990), the transforming growth factors a and b (TGF
cell phenotype (Saxen et al., 1968; Klein et al., 1985). Ini- a/b) (Rogers et al., 1992; Sharma and Ziyadeh, 1993; Santos
tially the undifferentiated blastema undergoes condensa- and Nigam, 1993), and the bone morphogenetic protein-7
tion into a rounded structure, composed of rapidly prolifer- (Luo et al., 1995), have all been identi®ed at different points
ating cells. Following this growth phase, mitotic activity during the differentiation process. The speci®c localization
decreases, and the tubular anlage develops into a comma- for some of these growth factor:receptor complexes in the
shaped and S-shaped epithelial structure, from which proxi- developing and adult kidney and their reported functional
mal and distal tubules can be distinguished. The primitive roles in in vitro kidney development have further supported
glomerulus develops from a segment of this newly differen- their role in nephrogenesis.
The neurotrophins (NT) were initially characterized astiated epithelial structure and blood vessels can be seen
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growth factors promoting the survival and differentiation (NISH). We have concluded that the neurotrophins and their
receptors are seen later in the developmental sequence con-of central and peripheral neurons. The NT mediate their
actions by binding to two types of receptors. The low-af®n- sistent with a more differentiative, postinductive role in
nephrogenesis. Furthermore, the colocalization of individ-ity receptor (p75) binds all four neurotrophins while trks A,
B, and C serve as the receptors for NGF, BDNF, and NT-3, ual NT:receptor complexes supports an autocrine/paracrine
mechanism for signal transduction. We have also identi®edrespectively, and trk A and B can also act as receptors for
NT-4/5 (Chao, 1992). the coexpression of both full-length and truncated trk recep-
tor forms, similar to what has been described for the trkMost investigations of trk B and trk C expression have
focused on the central and peripheral nervous systems; how- receptors in the developing nervous system.
ever, trk B and C are expressed in extraneural tissue, includ-
ing the kidney (Klein et al., 1989; Tessarollo et al., 1993).
The low-af®nity nerve growth factor receptor (NGFR:p75) MATERIALS AND METHODS
is expressed in rodent uninduced kidney mesenchyme, early
glomerular forms, and distal convoluted tubules (Huber et Tissue Preparation
al., 1995; Sariola et al., 1991). In addition, the p75 receptor
Human fetal tissues were obtained from the Department of Pa-has been identi®ed in mesangial cells of the developing hu-
thology at the Brigham and Women's Hospital. A series of abortusesman and rodent kidney (Huber et al., 1995; Alpers et al.,
of normal karyotypic fetuses, gestational age 9 to 22 weeks, were1993). In the rodent kidney, trk B and trk C mRNA localize
examined. The kidneys were detached from the ureter and adrenalto the cortical uninduced mesenchyme and the collecting
gland, quick frozen in liquid nitrogen with and without embeddingducts, respectively (Durbeej et al., 1993). A more recent
compound (OCT, Tissue-Tek, Miles, Inc. Elkhart, IN), and stored
study utilizing human embryos has identi®ed mRNA tran- at 0707C. Additional kidney samples were obtained as above and
scripts for the full-length (kinase-active) and truncated (ki- ®xed in 4% paraformaldehyde/PBS for 18 hr, rinsed, and embedded
nase-inactive) forms of both trk B and trk C receptors in 8- in paraf®n. Normal human kidney parenchyma adjacent to Wilms'
week human fetal kidneys (Shelton et al., 1995), suggesting tumors from patients aged 2±3 years was obtained from surgical
pathology cases at Boston Children's Hospital. This tissue was ®xeda potential role for these receptors in human kidney devel-
in 4% paraformaldehyde/PBS as above.opment.
The function of neurotrophins during kidney develop-
ment is unclear. In one study, p75 antisense phosphothio-
Immunohistochemical Stainingnate oligonucleotides were found to inhibit ureteric bud
branching and tubule formation in rodent kidney organ cul- Frozen sections (4 mm) were cut from gestational kidneys, ®xed
tures (Sariola et al., 1991), although no effects were seen in in ice-cold methanol or acetone for 15 min (0207C), and rinsed
a second study using the antisense strategy (Durbeej et al., with PBS. Sections were probed with the following polyclonal anti-
neurotrophin antibodies: anti-NGF (Collaborative Research, NY),1993). Interestingly, the p75 knockout mice exhibited histo-
anti-BDNF and anti-NT-3 (both from Santa Cruz Biotech., CA;logically normal kidneys (Lee et al., 1992) similar to the
BDNF: Cat. No. sc-546, NT-3: Cat. No. sc547), and the followingIGF-I knockout mice which also have normal kidney histol-
anti-receptor antibodies: polyclonal anti-p75 (9992), monoclonalogy, suggesting that a combination of growth factors are
anti-p75 (ME20.4), anti-pan-trk, anti-trk A (extracellular domain),likely involved in overall nephrogenesis (Powell-Braxton et
B (extracellular domain) (trk A and BÐgenerous gift of Dr. Davidal., 1993). To begin to address the question of neurotrophin
Kaplan (NCI), and trk C/C' (full-length, kinase-speci®c(1415), and
function we have conducted a detailed analysis of the selec- truncated; provided by Dr. Pantelis Tsoulfas (NCI)). The speci®city
tive expression for the NT, NGF, BDNF, and NT-3, and the and utilization of these antibodies has been previously described
neurotrophin receptors p75 and trk A, B, and C, including (Donovan et al., 1993, 1994, 1995; Horvath et al., 1993; Chitta and
truncated forms, in a series of human fetal kidneys utilizing Chao, 1995). An additional pan-trk antibody and a truncated trk B
antibody were also utilized (both from Santa Cruz, CA; pan trk:immunolocalization and nonisotopic in situ hybridization
FIG. 1. Immunolocalization of BDNF and NT-3 in human kidney. Frozen sections of human kidney were incubated with the indicated
antisera and the immunoreactivity was detected with a FITC secondary antibody. BDNF (A; G, primitive glomerulus; T, primitive tubules)
and NT-3 antibody (B; arrowhead, collecting duct; G, primitive glomerulus). Original magni®cation 3001.
FIG. 2. Comparison of p75:NGFR localization in 13- and 18-week human kidneys. At 13 weeks of gestation, P75 protein is present
within comma-shaped bodies (arrow), while ``uninduced'' mesenchyme is negative (arrowhead) (A and C). By 18 weeks, p75 is con®ned
to mesangium (M) of mature glomeruli and perivascular stromal tissue (B) (V, vessel). Original magni®cation 3001.
FIG. 3. Immunolocalization of the trk protein with a pan-trk antibody in a series of human kidneys. Note immunolocalization for trk
protein within ureteric bud and mesenchymal components [arrow, collecting tubules; G, primitive glomeruli (comma-shaped bodies)].
The ``uninduced'' mesenchyme is negative (arrowhead) (A). Additional sections from more differentiated regions of kidney demonstrate
trk protein in proximal (P) and distal (D) tubules with focal staining of podocyte layer (arrow; B) and diffuse immunoreactivity within
collecting tubule epithelial cells (C). Original magni®cation 3601.
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Cat. No. sc-11, truncated trk B: Cat. No. sc-119). Sections were 5-bromo-4-chloro-3-indolyl-phosphate. The sections were counter-
stained with neutral red.incubated overnight in a humidi®ed chamber at 47C, rinsed with
PBS, and probed with a secondary antibody conjugated with FITC
or rhodamine or using an avidin±biotin-based alkaline phosphatase
detection kit (Donovan et al., 1994, 1995) (BioGenex Labs, San RESULTSRamon, CA). Additional rinses and preincubation with goat serum
(5±7%) were incorporated as needed to reduce background. Normal
Neurotrophin Expression in Embryonic Humangoat serum and nonimmune serum were routinely used as negative
controls. Control peptides were utilized for the anti-BDNF and Kidney
anti-NT-3 competition studies (both from Santa Cruz, BDNF, Cat.
During human kidney development the metanephricNo. sc-546P and NT-3, Cat. No. sc-547P). In addition, NT-3 null
mesenchyme is actively being transformed to an epithelialmouse kidneys (generously provided by Dr. Lino Tessarollo, N.C.I.,
phenotype forming glomeruli and tubules and the uretericF.C.R.C.) were further utilized as negative controls.
bud is differentiating into a complex collecting system. Ges-
tational kidneys probed with the speci®c NT antibodies
contained both BDNF and NT-3 in postinductive glomeru-Western Blot Analysis
lar/tubule epithelial cells. NGF was not present in the com-
Detergent lysates of tissue homogenates were prepared using ra- ponents of the developing nephron but was identi®ed
dioimmunoprecipitation assay (RIPA) buffer, in the presence of within the perivascular interstitium. The most primitive
phenylmethylsulfonyl ¯uoride, aprotinin, and leupeptin. After in- mesenchymal cells, either subcortical or condensed around
cubation on ice for 15 min, lysates were clari®ed by centrifugation tubular aggregates, did not contain NT protein. For the spe-
at 14,000 rpm (Beckman Microfuge, Palo Alto, CA) at 47C, and the ci®c NT examined, BDNF and NT-3 were both expressed
protein content of the supernatant was determined by BNCL assay
in epithelial cells of primitive glomerular structures (Figs.(Bio-Rad Laboratories, Richmond, CA) using BSA as a standard.
1A and 1B). More speci®cally, BDNF was localized to theLysates containing equivalent amounts of protein were immuno-
apical region of epithelial cells within the ``glomeruli'' andprecipitated with a pan-trk antibody, subjected to SDS±PAGE, and
mesenchymal derived tubules (Fig. 1A), while NT-3 wasblotted onto nitrocellulose. Immunocomplexes to protein were de-
most prominent within differentiating collecting tubulestected by incubation with 125I-labeled protein A. Blots were blocked
in TBS±Tween containing 1% BSA, incubated with antisera for 18 (Fig. 1B). With differentiation, BDNF was detected in distal
hr, and washed, and immunoreactive proteins imaged using ECL tubules, while NT-3 persisted in collecting tubules and
detection (Amersham Corp., Arlington Heights, IL). PC12 cells ex- ducts (data not shown). This pattern of expression for the
pressing elevated levels of trk A (PC-615; Hempstead et al., 1992) individual NT would suggest a postinductive role for BDNF
and the 293 kidney epithelial cell line were utilized as positive and and NT-3 during organogenesis, while NGF was predomi-
negative controls, respectively.
nantly involved in neural innervation of the kidney. The
sections incubated with nonimmune antisera were rou-
tinely negative. In addition, the mouse NT-3 0/0 kidneys
NISH probed with the anti-NT-3 antibody were routinely nega-
tive. Paraf®n-sectioned material demonstrated similar re-Nonisotopic in situ hybridization was carried out by a modi®ca-
sults.tion of previously published procedures (Donovan et al., 1995; Phil-
lips et al., 1990). Plasmids with inserts encoding the extracellular
domain of trk B and trk C were a generous gift of Dr. David Shelton
Neurotrophin Receptor Expression in Human(Genentech, Inc., San Francisco, CA) and digoxigenin riboprobes
Embryonic Kidneywere prepared as described (Philips et al., 1990). In brief, on the
day of the hybridization, 4-mm cryosections were placed on Silane-
An evaluation of the NT receptors, p75 and trk, was thencoated slides, heat-®xed (557C, 5 min), and ®xed by immersion in
initiated during a similar gestational period in an effort to4% paraformaldehyde/PBS (DEPC) for 7 min. The slides were ®rst
identify potential autocrine/paracrine mechanisms for sig-rinsed with DEPC-treated PBS, rinsed with 0.51 SSC, and placed
naling in individual cell types during nephrogenesis. Similardirectly into prehybridization solution at 427C for 2 hr. The prehy-
bridization buffer contains 50% formamide, 10% dextran sulfate, to the NT results obtained with immunohistochemistry,
21 SSC, 11 Denhardt's, 0.15 mg/ml yeast tRNA, and 0.33 mg/ml neither the p75 nor trk receptor was found in uninduced or
denatured herring sperm. Selected sense and antisense digoxigenin- condensed metanephric mesenchyme. The low-af®nity p75
labeled riboprobes (20 ng/ml) were incubated with individual sec- receptor displayed a localized pattern of expression in
tions for 20±24 hr at 42 ±457C. Frozen sections of a ganglioneu- comma-shaped bodies which was regulated during nephron
roblastoma from Boston Children's Hospital ®les containing abun- maturation. In early 9- to 15-week gestational kidneys,
dant ganglion cells were used as a positive control. After rinsing
there are numerous renal vesicles forming and becomingat high stringency (557C, 0.11 SSC), the sections were incubated
subsequently fused into the branching ureter tree throughwith polyclonal sheep anti-digoxigenin antibody (Boehringer-
the comma- and s-shaped stages. Expression of p75 was de-Mannheim, Indianapolis, IN) prepared in blocking solution. Bind-
tected in the comma-shaped stages of primitive glomeruli,ing of the alkaline phosphatase-conjugated antibody was visualized
with an enzyme-linked reaction using nitroblue tetrazolium salt± including the podocytes, while undifferentiated mesen-
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FIG. 4. Immunohistochemical localization with frozen and paraf®n sections from 10- to 18-week human kidneys probed with the anti-
trk B and truncated trk B antibodies. At 18 weeks, both full-length and truncated trk B are present within distal convoluted epithelial
cells (D), while proximal tubules (P) and glomeruli are negative (A; paraf®n embedded). With tubule differentiation, apical staining of
distal nephron epithelial cells (D) including collecting tubules and Loops of Henle was identi®ed. Trk protein was not present in proximal
tubules (P) (B and C; paraf®n embedded). By comparison, an 18-week human kidney probed with the anti-truncated trk B antibody contained
apical staining of immature epithelial tubules (arrow) with basolateral staining of adjacent epithelial cells noted (D; frozen section).
Original magni®cation 2801.
chyme and tubular elements were routinely negative (Fig. were identi®ed within similar cell types at the comma-
shaped stage of early nephron formation. As differentiation2A). In older kidneys (18±22 weeks), p75 protein was con-
®ned to the mesangium of mature glomeruli and in the of the nephron segment proceeded, p75 was only contained
within mesangial cells, while the trk receptors were re-®broblastic stroma around vessels and nerves (Fig. 2B). The
localization of p75 was identical when either the polyclonal tained in differentiated tubules. Primitive uninduced mes-
enchyme did not contain trk receptors, similar to results9992 (Fig. 2A) or monoclonal ME20.4 (Fig. 2C) antibodies
were employed. for p75 and the NT. At later gestational ages (18±22 weeks),
where more mature glomerular and tubular componentstrk protein was identi®ed by the pan-trk antibody in dis-
crete segments of the developing nephron throughout early were present, trk protein was con®ned to mature tubular
elements of the proximal, distal and collecting ducts (Figs.(11±18 weeks) gestation. trk immunoreactivity was ob-
served in the epithelial cells at the comma-shaped stage and 3B and 3C). Trk protein was also detected within the podo-
cyte layer of more mature glomerular structures (Fig. 3B).diffusely within the cytoplasm of early tubular elements,
speci®cally in the branches of the ureteric bud (collecting To determine which of the trk receptors were expressed
during kidney morphogenesis, antisera speci®c for distinctducts) (Fig. 3A). Compared with p75, both receptor types
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FIG. 5. Comparison of 18-week human kidney probed with pan-trk C and truncated trk C antibodies. Both the full-length (A) and
truncated (B) trk C proteins were found within proximal (P) and distal (D) tubule elements while an adjacent glomerulus and interstitial
stromal components (S) were negative. Truncated trk C was also prominent within mature collecting ducts (C; C, collecting duct; S,
stroma).
trk proteins were used. At 10±18 weeks gestation, all kid- crine/paracrine expression of ligand and cognate receptor.
Of importance, there was no full-length trk B in undifferen-neys evaluated contained full-length (kinase-active) and
truncated (kinase-inactive) forms of both trk B and trk C tiated mesenchyme or in the early S- and comma-shaped
stages of nephrogenesis. However, truncated trk B was iden-receptor protein in selected tubules. There was no evidence
of trk A at any stage of kidney development. Full-length ti®ed during this stage in a de®ned apical membrane-bound
location (Fig. 4D). As was already shown, the ligand for trktrk B was predominantly expressed in mesenchymal and
ureteric bud-derived distal collecting tubules (Figs. 4A and B, BDNF, was also found at the same stage and in a similar
location as its truncated trk B receptor.4B), collecting ducts, and Loops of Henle (Fig. 4C). In these
epithelial cells the receptor protein was diffusely cyto- When trk C was evaluated we found full-length receptor
protein in all tubular components of the developing nephronplasmic and then with differentiation the receptor assumed
a more localized position at the apical surface (Figs. 4B and including proximal, distal, and collecting tubules (Fig. 5A).
Similar to trk B:BDNF, the full-length trk C receptor is4C). The more primitive tubules which contained the full-
length trk B receptor were previously shown to express the expressed in tubules for which there is evidence that the
NT-3, the trk C ligand, is expressed. There was no trk Crelevant NT, BDNF. This would represent a potential auto-
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within undifferentiated mesenchyme; however, as with cellular location as the truncated and full-length trk C re-
ceptor proteins and with the NT-3 ligand.truncated trk B, there was truncated trk C within the com-
ma- and S-shaped stages of early nephrogenesis (Fig. 5B).
This truncated protein persisted throughout development
but was found only within differentiated collecting ducts
DISCUSSIONand tubules (Fig. 5C). An additional kinase-speci®c antibody
colocalized to these same tubules, con®rming the presence
of both full-length and truncated trk C receptors in nephro- The morphogenesis of the mammalian kidney is a com-
plex process involving a variety of genetic and soluble/diffu-genesis (data not shown). As was previously shown the li-
gand for trk C, NT-3, was identi®ed in the early S stages of sable factors. Conceptually it has been compared to the
development of a whole organism and serves as an excellentnephrogenesis and within differentiating collecting tubules,
similar to the location of the truncated trk C and full-length model for the study of cellular proliferation, cellular differ-
entiation, tissue pattern formation, tissue remodeling, andtrk C receptors, respectively.
inductive interactions. A select number of genetic elements
have been implicated in the early inductive processes of
Western Blot Analysis kidney development, including WT-1, the Pax genes, and
the proto-oncogenes c-ret, c-ros, and c-met (Kreidberg et al.,We con®rmed the presence of full-length trk receptor pro-
tein by Western blot analysis of a series of human kidneys 1994; Dressler et al., 1993; Schuchardt et al., 1994; Son-
nenberg et al., 1991, 1993). In addition to the molecularusing the pan-trk antibody (Donovan et al., 1994). It has
been established that the pan-trk antibody identi®es not mechanisms, a variety of growth factors have been impli-
cated in both the early inductive processes and in the regula-only full-length trk proteins but truncated forms as well
(Donovan et al., 1994). Western blot analysis of pan-trk im- tion of postinductive growth and differentiation of the
metanephros (Patterson and Dressler, 1994). The juxtaposi-munoprecipitates from lysates of 21-week gestation kidney
detected a prominent band at 90±100 kDa which corre- tioning of several distinct cell types during nephrogenesis
provides an excellent model for the investigation and char-sponds to the truncated isoforms of trk B and trk C. Re-
probing this Western blot with antisera which detect only acterization of intraorgan autocrine/paracrine/juxtacrine
growth factor systems. Based on our expression data forfull-length trk receptors, a doublet of 140 and 120 kDa could
be detected, the predicted molecular size of the variably neurotrophins in renal organogenesis, these factors are more
likely to play a signi®cant role in postinductive events suchglycosylated full-length trk receptors. By using the speci®c
anti-truncated trk B antibody (Santa Cruz, CA), a single as epithelial differentiation and tubulogenesis.
Varying patterns of growth factor expression have beenband at 90±100 kDa was identi®ed, con®rming the expres-
sion of truncated trk B receptors in the developing kidney documented in the developing rodent kidney. IGF-II and
TGF-b were found to be predominantly expressed in undif-(data not shown).
ferentiated blastemal cells and downregulated with tubulo-
genesis (Yun et al., 1993), suggesting that these factors play
Nonisotopic in Situ Hybridization a role in the early events of mesenchymal to epithelial in-
duction (Pail et al., 1989; Sharma and Ziyadeh, 1993). Addi-In an effort to compare the immunolocalization of trk
receptor protein with its steady-state mRNA expression, in tional kidney growth factors, including EGF, PDGF, and
TGF-a, are primarily expressed in differentiated tubular ele-situ hybridization was performed using digoxigenin-labeled
cRNA probes for the extracellular domains of trk B and trk ments and are believed to serve in more postinductive
events of cell proliferation and renal morphogenesis (Goo-C receptors (Fig. 6). In contrast to what was found for trk
B protein, trk B mRNA was detected within the interstitial dyer et al., 1991; Rogers et al., 1992; Hamm et al., 1993).
For the EGF peptide, it has been suggested that this ligandstromal cells of the developing cortex and the medulla (Fig.
6A). There was no detectable mRNA in the uninduced mes- may be involved in maintaining the integrity of the epithe-
lial surfaces, including the urinary tract epithelium (Fisherenchyme or within differentiating nephron components.
The most prominent expression pattern was present within et al., 1989). By utilizing in vitro organ explants it has been
established that some of these factors play a signi®cant rolethe medulla of the kidney. When adjacent sections were
probed with the antisense trk C digoxigenin-labeled probe, in metanephrogenesis. Indeed, it has been identi®ed that
metanephric explants were inducible with EGF, TGF-a,however, there were similarities between protein localiza-
tion and mRNA expression. trk C mRNA was detected IGFI, and IGFII, but inhibited by TGF-b (Hammerman et
al., 1993). Furthermore, these explants produced TGF-a,within condensing glomerular structures, maturing tubules,
focally within the interstitial stroma, and within epithelial IGFI, and IGFII and the addition of antibodies to these pep-
tides inhibited in vitro nephrogenesis (Fouser and Avner,cells of the collecting ducts (Fig. 6B). In some sections trk
C mRNA was present within the condensed paracortical, 1993). More recently, additional factors such as Wnt-4
(Stark et al., 1994) and the BMP-7 growth factor have beenuninduced mesenchyme. Sense probes on adjacent sections
were negative (Fig. 6C). The trk C mRNA was in a similar thought to be involved in early nephrogenesis, with respect
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TABLE 1
Neurotrophins and Their Receptors during Human Kidney Development
NT-3 BDNF p75 TRK
Mesenchyme Negative Negative Negative Negative
C/S Shape 1/ 2/ (apical) 4/ 4/
Glomerulus Negative Negative Mesangium Negative
PCT/DCT 1/ 2/ Negative 4/
CT 3/ 2/ Negative 4/
Note. Neurotrophins and their receptors p75 and TRK within the components of the developing nephron. C, comma- and S-Shaped;
PCT/DCT, proximal and distal collecting tubules; CT, collecting tubules.
to either epithelial differentiation or cell survival (Luo et previously demonstrated by Sariola et al. (1991) using anti-
sense phosphorothioate-modi®ed oligonucleotides in in vitroal., 1995).
A role for central/peripheral nervous system growth fac- embryonic mouse kidney cultures. These studies detected an
inhibition in branching morphogenesis and epithelial differen-tors, including NGF, was ®rst examined primarily as a re-
sult of earlier work with renal explants and inducible heter- tiation of rodent kidneys exposed to the antisense probe for
p75 receptor. Durbeej et al. (1993), however, found that sense,ologous tissues. In these coculture experiments, isolated
metanephric blastemata differentiates into glomerular, antisense and nonsense phosphorothioate oligonucleotides in-
hibited mouse and rat embryonic kidney growth in vitro.proximal, and distal convoluted nephron segments when
cultured in the presence of embryonic spinal cord, a potent These differences were subsequently identi®ed to be the result
of different culture conditions and not the sensitivity of theinducer of renal epithelial morphogenesis in vitro (Ekblom
et al., 1981). Trans®lter induction experiments have led to probes that were utilized (Sainio et al., 1994).
The known af®nity of p75 for all recognized NTs and itsthe postulate that these inductive phenomena could be
caused by cell±cell interactions and/or diffusable molecules localization to condensing epithelial structures in conjunc-
tion with the inhibition data would support a role for this(Saxen, 1987). Although no spinal cord growth factor has
been identi®ed, the neurotrophins were thought to be likely receptor complex in the early development of the human
kidney. In the literature there are a number of discrepanciescandidates, along with a number of peptide growth factors.
Histologic studies had identi®ed NGF in a select population in the localization of the p75 receptor during kidney devel-
opment. Our results are similar to rodent studies in whichof distal tubule cells of the rodent kidney (Salido et al.,
1986); however, there is no evidence for its presence earlier p75 is present within the glomerular portion of S-shaped
bodies; however, we found no evidence of p75 in the ``unin-in kidney development. When we examined NT expression
in human kidneys we did not ®nd NGF, NT-3, or BDNF in duced'' and ``condensed'' mesenchymal cells, which was
variably present in rodent studies (Sariola et al., 1991; Dur-the uninduced mesenchyme; however, varying levels of
NT-3 and BDNF were contained within induced primitive beej et al., 1994). This discrepancy either identi®es an actual
difference between rodents and humans or re¯ects a particu-glomerular/tubular structures, suggesting that these growth
factors are not involved in early induction events but rather lar stage in the developmental sequence, which is not avail-
able for analysis during human kidney development. Anin the later stages of nephron organization. In comparison,
the NT receptors trk and p75 were also contained within additional point may be that the variable expression of p75
in these mesenchymal ``stem cells'' may in fact representsimilar stages of glomerular/tubular differentiating cell
types further supporting a more postinductive role for NT different stages in their differentiation to a more epithelial
phenotype. In contrast, Alpers et al. (1993) examined humangrowth factor mechanisms (see Table 1). Furthermore, addi-
tional NTs capable of binding to these receptors, i.e., NT- fetal kidney and found restricted p75 expression to the mes-
angium and perivascular stromal tissue and not present in4/5 and NT-6 (Berkemeier et al., 1991; Ip et al., 1992), may
be also involved in signal mechanisms in the very early early components of the developing nephron. Our expres-
sion data coincide with the utilization of the p75 receptorstages of kidney development. Our evidence for the expres-
sion of both BDNF and NT-3 in tubule epithelial cells, along during early metanephric epithelialization and formation of
the glomerulus. The downregulation of the p75 receptor towith their cognate receptors, further supports a more differ-
entiative/maintenance role for these growth factors. the mesangial cells of mature glomeruli further supports its
predominant early role in nephrogenesis.Several approaches have been utilized to assess whether
the NT provide a functional signal during embryonic renal The mechanism by which the low-af®nity nerve growth
factor receptor p75 induces cellular changes remains uncer-development. This would imply that a competent, nontrun-
cated receptor mechanism is in place and capable of initiating tain. There is evidence that p75 contributes to the forma-
tion of high-af®nity nerve growth factor binding sites anda signal cascade. A potential role for the p75 receptor was
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FIG. 6. Comparison of full-length trk B and trk C expression by in situ hybridization. Frozen sections were processed using digoxigenin-
labeled probes, and hybridization was visualized with alkaline phosphatase-conjugated anti-digoxigenin-speci®c antisera, counterstained
with neutral red. 18-week human kidney with trk B expression in cortical stroma adjacent to primitive tubules (A). 18-week human
kidney with trk C expression in primitive glomerular structures, cortical and medullary stromal cells, and collecting tubules (B). Sense
probe for trk C was not above background (C).
enhances the speci®city of the trk family of NT receptors. crine mechanism for the neurotrophins during the later
stages of human kidney development. Interestingly, the api-The absence of physiologic and histologic abnormalities in
kidneys of mutant mice lacking the NGF p75 receptor fur- cal localization of the trk B receptor and ligand in differenti-
ating tubular structures would further suggest a potentialther complicates the exact role for the p75 receptor in
nephrogenesis (Lee et al., 1992). role for the NT and receptors in a variety of cell surface
mechanisms, i.e., secretion, maintenance of cell orienta-The colocalization of the high-af®nity trk receptors to
similar condensing embryonic/glomerular structures is fur- tion. More studies including immunogold electron micros-
copy will be needed to address these issues and to furtherther evidence to support a role in kidney organogenesis. The
presence of BDNF:trk B and NT-3:trk C to differentiating characterize the cytosolic localization of the trk receptors
in renal epithelial cells.epithelial cells identi®es a potential autocrine/local para-
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1992). Recently, Biffo et al. (1995) identi®ed the early de-
velopmental expression of the truncated trk B receptor in
the nervous system and suggested that the receptor pre-
vented diffusability of BDNF. This selective role for con-
®ning diffusable factors may also be functioning within
the developing kidney. Our Western blot and immunohis-
tochemical data con®rm that the truncated receptors are
abundantly expressed during nephrogenesis; however,
their de®ned role is still uncertain. Additional experi-
FIG. 7. Western blot of two individual 21-week human kidneys ments are under way to address the functional role of the
(lane B and C), probed with a full-length pan-trk antibody and im- truncated receptor at critical times during kidney develop-
aged with ECL detection. Note doublet at 120±140 kDa present in
ment. We propose that the trk receptors function in a vari-both samples. Lane A contains PC12 cells overexpressing the full-
ety of cell maintenance programs, including early neu-length trk A. When immunoprecipitates were probed with the pan-
ronal innervation, epithelial integrity, and possibly duringtrk antibody a prominent band at 90±100 kDa was detected.
the pathogenesis of tubular injury.
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